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Charging of dust particles in molecular clouds
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In molecular clouds the dust charge can be determined by non-thermal electrons from cosmic-ray
ionization. If the energy of the non-thermal electrons is E > 2keV and their fraction is only 10~3—
10~* of the thermal electrons in a molecular gas, the grain charge can be as high as |z| &~ 10 in the
range of gas densities n &~ 10°—10° cm™3. In the high-density range n > 10° cm™3, the grain charge
approaches the thermal limit |z| ~ 0.3.
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1. Introduction

Charged dust particles play a crucial role in the dynamics of molecular clouds. They determine,
in particular, the structure of shock waves, the chemistry of shocked gas [1, 2] and the diffusion
of the magnetic field in forming protostars [3]. In the conditions of molecular clouds the
dominant process in the dust charging is the current from thermal electrons and ions, so that
in equilibrium the charge obeys the equation [4]

neviee Y =niv (14 0), (1)

where n. and n; are the electron and the ion densities respectively, v . and v ; are their cor-
responding thermal velocities, U = e|¢o|/ kT , ¢po = ze/a is the grain electrostatic potential,
and the electrons and the ions are assumed to be in thermal equilibrium, i.e. 7; = T,. This gives
the dust charge z ~ —2akT /e?; for typical conditions in molecular clouds with T ~ 20K,
z &~ —0.3 for particles with a = 0.1 wm [5-7]. Such a low charge is a direct consequence of
the exponentially small amount of Maxwellian electrons with energy sufficient to penetrate
the Coulomb grain potential. It can therefore be expected that a power-law distribution of elec-
trons provides a higher dust charge. This possibility was mentioned first in [8]. In this paper
we estimate the contribution of non-thermal electrons that can be produced by the cosmic-ray
(CR) ionization of a molecular gas to dust charging.

In section 2 we estimate the fraction of non-thermal electrons in molecular clouds arising
from the ionization of molecular hydrogen by CRs. Section 3 contains the calculation of the
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dust charge by non-thermal electrons with particular application to the conditions in molecular
clouds. A summary is given in section 4.

2. Non-thermal electrons in molecular clouds

Non-thermal electrons are injected by the CR ionization with the rate

R(E) = ¢nf(E), 2)

where ¢ is the primary ionization rate by CRs, n is the gas density and f(E) is a function
determined by the spectrum of the ionizing CR protons. In a uniform cloud with ahomogeneous
gas distribution the effects of spatial diffusion can be omitted. Then the density of the electrons
is governed by the equation [9]

w_ 2 [b(E)N]+ R(E) 3)
at  OE ’
where
dE _0 E 1
b(Ey=——7—-=—-12x10""n|3In| —5 ) + 18.8 | ergs™ ", 4)
dr mc?
is the ionization energy loss rate. In the stationary state the solution is
N(E) = [b(E)|[™' / R(E"dE', )
E

with R(E’) = O when E’ > Ej; = 4me/M,m is the electron mass, M is the proton mass and
¢ is the energy of the ionizing CR proton.
For CR protons with the spectrum

F(e) =Ke™, &>¢, (6)
the injection rate is

o

RE) = [ Feoe DOE - E)de. @
€]

where o (¢, E) is the cross-section for a CR proton with energy ¢ to produce an electron with

energy E and where ®(E ), — E) is the Heaviside function. With the cross-section [10]

we* dE
do(e, E) = ——, 8
o6 B) = — ®)
this gives
Kmets ! 4
R(E)= —"S2 forE < —g, )
qE M
and
Kme* (4m \ 71 4m
R(E) = —F , forE > —¢y. (10)
qE? M M

We concentrate further on the high-energy electrons (equation (10)), because for the CR
protons with &1 = 1 MeV the upper-energy bound for § electrons is only 4 me; /M = 2keV,
and they thermalize on background electrons quickly —more rapidly than ¢ '
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The primary ionization rate corresponding to the spectrum (6) is

Knh? _
¢ =2, (11
mq
where the total ionization cross-section o (¢) = 22w h?/me [10] was used. Therefore, the
injection rate (10) can be written in terms of ¢ as

R(E)__me4 (ﬁ)q S (12)
T 2122 \4m ) (1+¢) |b(E)|§'

Let us now calculate the total number of non-thermal electrons. In molecular clouds, low-
energy CRs (¢ = 1-100MeV) seem to play a dominant role as the ionization source [11].
In this energy range the spectrum of CR protons is flatter than in the range E > 1GeV.
For conservative estimates, it can be assumed that ¢ = 1.5, which gives, after integration of
equation (12) over E > 2keV,

N. =2 x 10"%¢. (13)

It is readily seen from this that the number of non-thermal electrons can be quite comparable
with the number of thermal electrons for a standard value of the primary ionization rate { =
10~7 s~ For instance, in dense molecular cloud cores with n &~ 10°cm~2 the abundance of
thermal electrons is n. = 16(¢8)'/3n*3 [12], and therefore the ratio

N _ _

e

where § is the depletion factor of metals on dust particles and ;6 = ¢ /107!, For the typical
values 8 ~ 0.1, £16 = 0.1 and n ~ 10% cm™3, this gives 8 ~ 1074,
3. Contribution of non-thermal electrons in dust charge

In the orbital-motion-limited theory [13] the collection cross-sections for electrons and ions
are written as

2
0. = ma’ (1 - e|¢§|) (15)
muv?
and
2e|¢ol
2
or=mna" |1+ , 16
( T (16)
respectively, where ¢y = —ze/a is the potential at the grain surface, and the grain charge is

explicitly assumed to be negative, such that z > 0. Assuming that the ambient plasma contains
thermal ions with the fraction 1 — B of thermal electrons with equal temperatures 7; = T, = T,
and the fraction 8 of non-thermal electrons with the spectrum

dN(E) = kE"*dE, for E; < E < Ea, (17)

we can obtain using a standard procedure the following equation for the grain charge:

kT\'"?* (e —1E a-1
215, (E—> . ﬁ ———U | B+swe(d =B e’ =swi(1+U), (18)
1 o — 3 o — 2

for o > % and E, > E|, where s, and s, are the sticking coefficients for non-thermal and
thermal electrons respectively; from equation (12), « = 1 + g. The deviation of the solution
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of equation (18) from the standard case of thermal collisional charging is determined by
two parameters: E;/kT and 8. In molecular clouds with the temperature 7 =~ 30K the first
parameter can reach, as seen from section 2, E|/kT =~ 10°-10°. Therefore, even for such
a small fraction of non-thermal electrons as 8 ~ 10~ estimated above, the dimensionless
potential U (and the grain charge) can be an order of magnitude higher than the thermal value;
an order-of-magnitude estimate gives for these conditions U ~ 30 for @ = 2.5.

3.1 Sticking coefficient

When the charging of dust is determined by thermal particles, the sticking coefficient s is
calculated as the average over the Maxwellian distribution of impinging particles [14]. For
non-thermal electrons we evaluate s as

s =1—2"%/TE) (19)

where x is the distance travelled by an electron with initial energy Ej in the dust grain; 7 (Ey)
is the foil thickness required for 50% transmission of the electrons with initial energy Ej
(keV) [15] and is given by

T(Ep) ~ 3000 "8 E) A; (20)

here p (gcm™3) is the grain density. We average s over the electron spectrum (17) with
E|, =2keV and E, = 10, 20 and 100 keV (figure 1), assuming, following [14], that the grain
has an effective thickness 4a/3. In comparison with charging by thermal electrons with
T < 10°K where (s) &~ 1 weakly varying with the grain size [14], non-thermal electrons
with energies E 2 10keV are stuck on dust grains less efficiently for smaller grains; for
grains with a &~ 100 nm, the sticking coefficient is (s) & 0.6 while, for a ~ 10 nm, (s) ~ 0.2.
A direct consequence of this is the fact that in this case the dust charge is not a simple linear
function of the grain size.

<S>

10" 102 102
a, nm

Figure 1. Sticking coefficient averaged over the spectrum of non-thermal electrons with o = 2.5, E; = 2keV and
E> =10, 20 and 100keV from the uppermost to the lowermost curves respectively.
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3.2 Dust charge

In figure 2 the solution U of equation (18) is depicted as a function of the gas density » for a set
of E/kT values; the solid curves show U (n) fora = 100 nm (0.1 um), and the dashed curves
U (n) fora = 10nm (0.01 wm). In the example shown here, § = 0.1, ¢4 = 0.5; however, the
results scale as n8'/2/¢. In the limit of high densities (n > 107 cm~?) the grain potential U
approaches its thermal collisional value of approximately 2.8 because higher densities reduce
the ratio of the non-thermal to thermal electrons: 8 = N./n.. However, in the range of low
densities (n ~ 10° cm™3) the potential U can reach about 10>~10* depending on the ratio
of the typical energy of the non-thermal electrons to that of the thermal electrons, E|/kT .
For molecular clouds with 7 ~ 30K and the lower energy limit of non-thermal electrons
E| ~ 2keV, this ratio is approximately 10%; in figure 2 this value corresponds to the upper
curves, while the lower curves show decreasing values of E;/ kT, from 10° to 10® respectively.
The grain charge is z = 0.18a.1 T30U, where ag; = a/0.1 wm and T3¢ = T /30 K; therefore,
in molecular clouds with densities n < 10° cm™3 and for E| > 2keV, a typical grain charge
can be met in order to reach z > lOag_/ 13.

The grain potential is approximated as U = 6 x 103 E a1 (¢16/n)*? in the low-density (or
high-potential) rangen < 2 x 103ag1¢16E; cm™ (or U > 3), where E| is in kiloelectronvolts.
At high densities n > 10°E N 3¢16, the charge zn, accumulated on dust grains can become a
substantial fraction of the charge carried by the non-thermal electrons. In other words, the
charge contained in non-thermal electrons becomes exhausted and their efficiency to charge
dust grains decreases; this effect is seen in figure 2 as a small increase in the slope of U (n)
curves for E;/kT = 10°-10° at densities n around 107 cm~3. However, in the intermediate-
density range, n < 107 cm™3, the decrease in the grain potential (and in the charge) is not
significant, which means that the grain charge zn,; always remains considerably smaller than
N.. On the other hand, it follows from this that the electrostatic energy of the charged dust
is always negligible in comparison with the electrostatic energy of the thermal electrons and
ions: zng/ne < 1.

Figure 2. Grain potential U versus the gas density with a contribution from power-law non-thermal electrons with
o = 2.5, as argued in section 2, § = 0.1 and ¢ =5 X 1017 s~1; the curves from the lowermost to the uppermost
correspond to the low-energy cut-off values in the spectrum of non-thermal electrons of E{/kT = 103, 10*, 10° and
10 respectively. In the molecular gas with T = 30 K the top line corresponds to the minimum energy of non-thermal
electrons E1 = 2keV. The solid curves show the potential U for grains with ¢ = 100nm (0.1 pm), and the dashed
curves correspond to grains witha = 10nm (0.01 pm). Note that the dimensional electrostatic potential ¢y is negative
in this case.
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3.3 Secondary-electron emission

Each non-thermal electron in the energy range of interest E > 2keV impinging on a grain
can produce emission of electrons from the bulk material of the grain: secondary-electron
emission. The secondary-electron emission yield y(E) for a spherical dust particle can be
approximated as [14]

4da 4da a
y(E) =2[1 — exp (—§>} S (ﬁ) p) <k_) Yoo E), 21
g g

where A, is the escape length for a secondary electron, i.e. e//*= dl is the escape probability

for a secondary electron created at a distance / from the surface, f(x) = (1.6 + 1.4x> +
0.54x%) /(1 + 0.54x%) , fo(x) = (1 +2x2 +x* /(1 + x*) and

4E/E,,

Yoo(E) = Ymm;

(22)
the parameters y,,, E,, and A, of the secondary-electron emission (equation (21)) are given
in table 5 of [14]. Figure 3 shows how the yield (21) depends on the energy of an impinging
electron for graphite, SiO, and MgO grains. It is clearly seen from here that the secondary-
electron emission can significantly diminish the efficiency of dust charging by non-thermal
electrons, and in some cases, for instance for MgO grains, can reverse the sign. In figure 4
we show the dependence of the grain potential U on n for dust grains with a = 100 nm
and taking into account the effects from secondary electrons; the dimensional potential ¢ is
negative for graphite and positive for MgO grains in the whole range of n considered here,
while SiO, grains have positive ¢y at low densities (n < 3 x 10%cm™2) and negative ¢, at
higher densities. This behaviour can be easily explained from the characteristics of secondary-
electron emission shown in figure 3: for graphite particles the secondary-electron emission
yield is mostly less than one and therefore the grain charge remains negative everywhere
(although lower by about 50-70% than when secondary-electron emission is neglected). For
MgO particles, y(E) significantly exceeds one in the energy range E < 0.5MeV, so that
the effects from secondary electrons completely cancel the effects from enhanced charging.
The yield for SiO, grains has an intermediate magnitude and thus at high densities, when the

10% ¢ 1

y(E)

10° i

-1 L !
10
10" 102
E keV

Figure 3. Secondary-electron emission yield y(E) versus the energy of impinging electrons for graphite, SiO, and
MgO, from the lowermost to the uppermost curves respectively; the grain radius a = 100 nm (0.1 pm).
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10% E.

10?

o]
10"

el |

10
10° 108 107
ncm™
Figure 4. Grain potential U taking into account the secondary-electron emission for SiO,, MgO and graphite grains
from the lowermost to the uppermost curves. The solid curves correspond to negative dust charge, and the dashed
curves to positive dust charge. The dimensional electrostatic potential ¢ is negative for graphite in the whole density

range and for SiO at n > 3 x 10%cm™3, and positive for MgQO particles in the whole density range shown here,

and for SiO; at n < 3 x 106 cm™3; in all cases the low-energy cut-off in the spectrum of non-thermal electrons is

Ey = 2keV, the gas temperature 7 = 30 K and the grain radius a = 100 nm (0.1 pm).

contribution from non-thermal electrons in charging becomes in general weak and thermal
electrons dominate, it becomes negative. The charge of MgO grains also becomes negative
only at densities n &~ 103 cm™3.

4. Conclusions

(1) ITonization of gas by CRs in molecular clouds can produce a sufficient number of non-
thermal electrons in the energy range £ > 2 keV. The fraction of non-thermal electrons
can be as high as 1073—-10~* depending on the gas density.

(ii)) Non-thermal electrons can be more efficient in dust charging because of a slowly declining
power-law energy spectrum. As a result, grains can have charges an order of magnitude
higher than the thermal value z ~ 0.5a9, T30-

(iii) Secondary-electron emission complicates the picture such that graphite particles remain
negatively charged, MgO grains become positive, while SiO, grains are positive at lower
densities and negative at higher densities. However, for graphite and MgO the absolute
value of the dust charge remains considerably higher than that of the thermal electrons
atn < 107 cm=3.
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